Introduction
============

Adherens junctions (AJs) constituted by cadherin family adhesion receptors are formed at cell--cell junctions in both endothelial cells (ECs) and epithelial cells, and are strengthened by the actin cytoskeleton to maintain tissue integrity. AJs mainly exist in two forms: stable linear AJs, also called zonula adherens, supported by circumferential actin bundles (CAB), which are defined as linear actin bundles that align along the cell--cell junctions; and dynamic punctate AJs connected by radial stress fibers (RSF; [@bib4]; [@bib33]; [@bib46]; [@bib23]; [@bib25]). In the polarized epithelia, linear AJs associated with CAB are mainly formed at cell--cell junctions, thereby leading to formation of epithelial cell sheets covering the inner and outer surface of the body ([@bib4]; [@bib46]). In contrast, EC junctions are highly dynamic and morphologically heterogeneous, as ECs regulate the passage of solutes and nutrients between the blood and surrounding tissues ([@bib33]; [@bib23]; [@bib25]). In addition, the EC junctions need to be remodeled during processes such as leukocyte extravasation and sprouting angiogenesis ([@bib10]). Therefore, ECs establish both punctate AJs connected by RSF and linear AJs anchoring to CAB to regulate EC barrier function dynamically.

The balance between dynamic punctate AJs and stable linear AJs determines EC barrier function and is finely controlled by various extracellular stimuli. Inflammatory mediators including tumor necrosis factor-α, histamine, and thrombin induce formation of punctate AJs connected by RSF to increase EC permeability ([@bib33]; [@bib25]). In contrast, formation of linear AJs supported by CAB is induced by the factors that promote EC barrier function such as cAMP-elevating G protein--coupled receptor agonists, sphingosine-1-phosphate, and angiopoietin-1 ([@bib18]; [@bib15]; [@bib3]). We and others have previously reported that elevation of intracellular cAMP leads to CAB formation by activating a Rap1 small GTPase via exchange protein directly activated by cAMP (Epac), thereby inducing formation of linear AJs and stabilization of vascular endothelial cadherin (VE-cadherin)--based cell--cell junctions ([@bib9]; [@bib13]; [@bib29]; [@bib54]; [@bib35]). Furthermore, VE-cadherin engagement results in Rap1 activation at nascent cell--cell contacts through PDZ-GEF, a guanine nucleotide exchange factor (GEF) for Rap1, which in turn facilitates maturation of AJs by inducing reorganization of the actin cytoskeleton ([@bib41]; [@bib37]). Similarly, Rap1 is involved in the formation of E-cadherin--based cell--cell adhesions in epithelial cells ([@bib24]; [@bib38]). However, the mechanism underlying Rap1-induced CAB formation remains unknown.

Non-muscle myosin II (NM-II)--generated cytoskeletal tension is thought to be required for proper formation of AJs ([@bib50]; [@bib22]; [@bib40]). In epithelial cells, activation of NM-IIA by the Rho-Rho--associated coiled-coil containing protein kinase (ROCK) pathway regulates linear AJ formation by localizing E-cadherin at cell--cell contacts, whereas NM-IIB is known to localize at cell--cell junctions in a Rap1-dependent manner and regulate the CAB formation ([@bib43]). CAB formation produces the tension parallel to the cell--cell junctions. However, in ECs, the Rho--ROCK--NM-II pathway induces punctate AJ formation during remodeling of EC junctions ([@bib33]; [@bib23]; [@bib25]). In addition, inflammatory mediators activate the Rho--ROCK--NM-II pathway, which leads to EC contraction and barrier disruption, presumably by producing tension toward the center of the cell ([@bib33]; [@bib25]). However, the role of NM-II in Rap1-induced CAB formation in ECs remains unknown.

Here, we report that myotonic dystrophy kinase--related CDC42-binding kinase (MRCK; also known as CDC42BP)-mediated local activation of NM-II at cell--cell junctions is responsible for Rap1-induced CAB formation. Our present data suggest that Rap1 induces Cdc42 activation at cell--cell junctions, which leads to junctional activation of NM-II through MRCK, thereby promoting CAB formation. In addition, we found that Rap1 inhibits formation of RSF connecting to punctate AJs by suppressing the Rho--ROCK--NM-II pathway. Thus, we propose that Rap1 shifts the balance between two types of AJs---dynamic punctate AJs and stable linear AJs---by differentially regulating the Cdc42--MRCK--NM-II pathway and the Rho--ROCK--NM-II pathway.

Results
=======

NM-II is required for CAB formation induced by Rap1
---------------------------------------------------

Stimulation with forskolin (FSK), an activator of adenylyl cyclase, led to disruption of RSF connecting to punctate AJs and formation of CAB supporting linear AJs ([Figs. 1 A](#fig1){ref-type="fig"} and [S1 A](http://www.jcb.org/cgi/content/full/jcb.201301115/DC1){#supp1}). We have previously revealed that Rap1 mediates these FSK-induced responses ([@bib13]; [@bib35]). To clarify the role of NM-II in Rap1-induced CAB formation, we investigated the effect of Rap1 activation on the NM-II activity by examining the localization of its regulatory light chain (RLC) phosphorylated at Ser19. In human umbilical vein ECs (HUVECs), phosphorylated RLC (pRLC) localized in the RSF, but was not observed at cell--cell contacts, under confluent culture condition ([Fig. 1 B](#fig1){ref-type="fig"}). Stimulation with FSK or 007, a cAMP analogue specific for Epac, induced RSF disruption, CAB formation, and RLC phosphorylation at cell--cell contacts ([Fig. 1 B](#fig1){ref-type="fig"}). In contrast, treatment with *N*^6^-benzoyl-cAMP (6-Bnz), a cAMP analogue specific for PKA, affected neither organization of the actin cytoskeleton nor localization of pRLC ([Fig. 1 B](#fig1){ref-type="fig"}). Together with the evidence that FSK and 007, but not 6-Bnz, induced Rap1 activation (Fig. S1, B--D), these findings imply that FSK and 007 regulate the NM-II activity through Rap1. Consistently, either FSK- or 007-induced RSF disruption, CAB formation, and RLC phosphorylation at cell--cell contacts were prevented by depletion of Rap1 ([Figs. 1 C](#fig1){ref-type="fig"} and S1, E--G). These results indicate that Rap1 induces RSF disruption and CAB formation, and suggest that the latter might be caused by the NM-II activation at cell--cell contacts.

![**NM-II is required for Rap1-induced CAB formation.** (A) Monolayer-cultured HUVECs plated on collagen-coated dishes were stimulated with vehicle (Control) or 10 µM FSK for 20 min, immunostained with anti--VE-cadherin antibody, and stained with rhodamine-phalloidin (F-actin). VE-cadherin and F-actin images, the merged images (VE-cadherin, green; F-actin, red), and the bright field (BF) images are shown. (B) HUVECs were simulated with vehicle (Control), 10 µM FSK, 1 mM 8-pCPT-2'-*O*-methyl-cAMP (007), or 0.5 mM 6-Bnz for 20 min (the cells were stimulated with FSK, 007, and 6-Bnz at these concentrations for 20 min throughout the following experiments unless otherwise indicated), stained with rhodamine-phalloidin (F-actin), and immunostained with anti-pRLC (phosphorylated regulatory myosin light chain) at Ser19 (pRLC (Ser19)) and anti--VE-cadherin antibodies. F-actin, pRLC (Ser19), VE-cadherin images, and the merged images are shown. (C) HUVECs transfected with control siRNA or Rap1 siRNA \#1 were stimulated with vehicle (Control), FSK, or 007, and stained similar to as in B. (D) HUVECs transfected with siRNA indicated at the left (control or two independent mixtures, \#1 and \#2, of NM-IIA and NM-IIB) were stimulated with vehicle (Control) or FSK, and stained with rhodamine-phalloidin. (E) HUVECs were pretreated with or without 20 µM blebbistatin for 4 h, stimulated with vehicle, FSK, or 007, and stained similar to as in A. (F) The F-actin that accumulated at cell--cell contacts, as observed in E, was quantified. Values are expressed as a percentage relative to that in the blebbistatin-untreated cells stimulated with vehicle, and shown as mean ± SEM (error bars) from three independent experiments (*n* ≥ 80). \*\*, P \< 0.01, significant difference between two groups. In A and C--E, the boxed areas are enlarged in the insets (A, C, and E), or below the original images (D). Arrowheads (B--D) and parentheses (B) indicate cell--cell junctions and stress fibers, respectively. Bars, 10 µm.](JCB_201301115_Fig1){#fig1}

To investigate the requirement of NM-II for Rap1-induced CAB formation, we knocked down two isoforms of NM-II---NM-IIA and NM-IIB---because their role in AJ formation has been reported in epithelial cells ([@bib43]). FSK failed to induce CAB formation in the HUVECs depleted of NM-IIA and NM-IIB using siRNAs targeting NM-IIA and NM-IIB ([Figs. 1 D](#fig1){ref-type="fig"} and S1 H). In addition, knockdown of NM-IIA and NM-IIB prevented RSF formation in the unstimulated cells ([Fig. 1 D](#fig1){ref-type="fig"}). Consistently, inhibition of NM-II by blebbistatin, an inhibitor for myosin II, caused disruption of RSF in unstimulated cells and decreased CAB formation by FSK and 007 ([Fig. 1, E and F](#fig1){ref-type="fig"}). NM-II--generated tension is required for maintenance of linear AJ structure ([@bib50]; [@bib22]; [@bib40]). Indeed, stimulation with FSK or 007 increased the linearity of cell--cell junctions, which was blocked by inhibition of NM-II (Fig. S1 I). Collectively, these findings indicate that Rap1 evokes NM-II activation at cell--cell contacts to induce formation of CAB supporting linear AJs, and also reveal the requirement of NM-II for formation of RSF connecting to punctate AJs in unstimulated ECs.

NM-II activation by the Rho--ROCK pathway is responsible for RSF formation, but not for Rap1-induced CAB formation
------------------------------------------------------------------------------------------------------------------

Next, we explored the mechanism by which Rap1 induces the NM-II activation required for CAB formation. ROCK, a downstream effector of Rho, is known to phosphorylate RLC of NM-II and regulate AJ formation in both epithelial cells and ECs ([@bib1]; [@bib33]; [@bib43]; [@bib25]). Hence, we investigated whether the Rho--ROCK pathway is required for Rap1-induced activation of NM-II at cell--cell junctions. Either a Rho inhibitor C3 exoenzyme or a ROCK inhibitor Y27632 induced RSF disruption in unstimulated HUVECs ([Fig. 2 A](#fig2){ref-type="fig"}). In clear contrast, FSK-induced CAB formation and RLC phosphorylation at cell--cell junctions were only slightly inhibited by the treatment with C3 or Y27632 ([Fig. 2, A--C](#fig2){ref-type="fig"}). Furthermore, FSK-increased junctional linearity was not inhibited by treatment with C3 toxin (Fig. S1 J). These results reveal that Rho--ROCK pathway--mediated activation of NM-II is required for RSF formation, but is dispensable for Rap1-induced CAB formation.

![**The Rho--ROCK--NM-II pathway is required for RSF formation, but not for CAB formation.** (A) Monolayer-cultured HUVECs were treated without (Control) or with either 10 µg/ml C3 toxin for 24 h or 50 µM Y27632 for 30 min, stimulated with vehicle (Control) or FSK, and stained similar to as in [Fig. 1 B](#fig1){ref-type="fig"}. The boxed areas are enlarged in the insets. Arrowheads and brackets indicate cell--cell junctions and stress fibers, respectively. Bars, 10 µm. (B and C) Quantitative relative expression values of pRLC at Ser19 (B) and F-actin (C) at cell--cell contacts compared to those in the control cells without FSK stimulation observed in A are shown as mean ± SEM from three independent experiments (error bars; *n* ≥ 209). (D and E) GTP-bound form of RhoA (GTP-RhoA) and total RhoA (RhoA) in the HUVECs stimulated with vehicle (Control) or FSK for 30 min were analyzed. In E, values are expressed as a percentage relative to that in control cells, and shown as mean ± SEM (error bars; *n* ≥ 7). \*, P \< 0.05; \*\*\*, P \< 0.001, significant difference between two groups. n.s., no significance between two groups.](JCB_201301115_Fig2){#fig2}

Because RSF was inhibited either by inhibition of the Rho--ROCK--NM-II pathway or by activation of Rap1, we hypothesized that Rap1 might induce RSF disruption through inhibition of the Rho--ROCK--NM-II pathway. RhoA activity was suppressed by stimulation with either FSK or 007 ([Fig. 2, D and E](#fig2){ref-type="fig"}; and [Fig. S2, A and B](http://www.jcb.org/cgi/content/full/jcb.201301115/DC1){#supp2}). These observations suggest that Rap1 spatially controls the NM-II activity by inhibiting ROCK and by activating kinases other than ROCK that phosphorylate RLC of NM-II at cell--cell junctions, thereby inducing RSF disruption and CAB formation.

MRCK is involved in Rap1-induced NM-II activation leading to CAB formation
--------------------------------------------------------------------------

We sought to identify the kinases that act downstream of Rap1 to induce RLC phosphorylation in ECs. The kinases that induce phosphorylation of RLC of NM-II can be divided into two groups ([@bib26]; [@bib8]; [@bib31]; [@bib56]; [@bib57]; [@bib49]); one group includes the kinases that induce monophosphorylation of RLC at Ser19 and the other contains those that evoke di-phosphorylation of RLC at Thr18/Ser19. Hence, we examined whether Rap1 induces monophosphorylation or diphosphorylation of RLC of NM-II. In unstimulated ECs, both monophosphorylated and diphosphorylated RLC localized in the RSF ([Figs. 3 A](#fig3){ref-type="fig"} and S2 C). In contrast, monophosphorylated, but not diphosphorylated, RLC of NM-II localized on the CAB in FSK- or 007-stimulated cells ([Figs. 3 A](#fig3){ref-type="fig"} and S2 C), which suggests that Rap1 induces NM-II activation through the kinase that induces monophosphorylation of RLC.

![**MRCK is required for Rap1-induced NM-II activation leading to CAB formation.** (A) HUVECs were stimulated with vehicle (Control) or FSK, immunostained with the antibodies indicated in the top panels, and stained with rhodamine-phalloidin (F-actin). pRLC (Ser19) or ppRLC (Thr18/Ser19) images, F-actin images, and the merged images (pRLC (Ser19) or ppRLC (Thr18/Ser19), green; F-actin, red) are shown. (B) Lysates from the HUVECs transfected without (No siRNA) or with control siRNA or MRCK siRNA targeting both MRCKα and MRCKβ for 2 d were subjected to Western blot analyses with anti-MRCKα, anti-MRCKβ, and anti--β-actin antibodies. (C) HUVECs transfected with control or MRCK siRNA were stimulated with vehicle (Control) or FSK, and stained similar to as in [Fig. 1 B](#fig1){ref-type="fig"}. (D and E) Quantitative relative expression values of pRLC at Ser19 (D) and F-actin (E) at cell--cell contacts compared to those in control siRNA-transfected cells without FSK stimulation observed in C were expressed as mean ± SEM (error bars; *n* ≥ 40). Similar results were obtained in three independent experiments. (F) HUVECs expressing either GFP or siRNA-insensitive MRCKβ-GFP were transfected with control or MRCK siRNA, stimulated with FSK, immunostained with anti-pRLC at Ser19 (pRLC (Ser19)) antibody, and stained with rhodamine-phalloidin (F-actin). pRLC (Ser19), F-actin, and GFP images are shown. Note that GFP signal at cell--cell contacts between the cells expressing GFP is ascribed to the overlap of plasma membrane (see [Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201301115/DC1){#supp3}). (G and H) Quantitative relative expression values of pRLC at Ser19 (G) and F-actin (H) at cell--cell contacts compared to those in GFP-expressing and control siRNA-transfected cells without FSK stimulation observed in F are given as mean ± SEM (error bars; *n* ≥ 40). Similar results were obtained in three independent experiments. In A, C, and F, the boxed areas are enlarged in the insets. Arrowheads (A, C, and F) and brackets (C) indicate cell--cell junctions and stress fibers, respectively. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001, significant difference between two groups. n.s., no significance between two groups. Bars, 10 µm.](JCB_201301115_Fig3){#fig3}

Among the kinases involved in activation of NM-II, MRCK and p21-activated kinases (PAK) induce monophosphorylation of the RLC at Ser19 ([@bib8]; [@bib31]; [@bib49]). PAK has been shown to increase EC permeability through NM-II--mediated EC contraction or by phosphorylating VE-cadherin ([@bib59]; [@bib44]; [@bib19]). PAK also induces dephosphorylation of RLC by inhibiting myosin light chain kinase ([@bib42]; [@bib53]). Therefore, we decided to study the role of MRCK in Rap1-induced NM-II activation and CAB formation, as its function in ECs has never been investigated.

RT-PCR analysis revealed the expression of two isoforms of MRCK---MRCKα and MRCKβ---in ECs (Fig. S2 D). Knockdown of both isoforms did not affect RSF formation in unstimulated HUVECs, but clearly inhibited FSK- or 007-induced CAB formation and monophosphorylation of RLC at cell--cell contacts, although these effects were partially inhibited by depletion of either isoform ([Figs. 3, B--E](#fig3){ref-type="fig"}; and Fig. S2, E--I). Consistently, depletion of MRCKα and MRCKβ, although not statistically significant, marginally reduced monophosphorylation of RLC in FSK-stimulated HUVECs but not in the unstimulated cells (Fig. S2, J and K). In contrast, diphosphorylation of RLC was unaffected by the depletion of both isoforms (Fig. S2, J and K). In addition, inhibition of FSK-induced CAB formation and monophosphorylation of RLC at cell--cell junctions by depletion of MRCKα and MRCKβ was rescued by expression of MRCKβ tagged with GFP (MRCKβ-GFP) encoded by an siRNA-insensitive construct ([Fig. 3, F--H](#fig3){ref-type="fig"}). Moreover, FSK induced association of MRCK with NM-II (Fig. S2 M). These findings indicate that MRCK acts downstream of Rap1 to induce NM-II activation and CAB formation, but is dispensable for RSF formation.

MRCK is recruited to cell--cell junctions by Rap1 in a Cdc42-dependent manner
-----------------------------------------------------------------------------

To address the mechanism by which MRCK mediates Rap1-induced activation of NM-II at cell--cell junctions, we investigated the localization of MRCK by expressing the MRCKβ-GFP in HUVECs. MRCKβ-GFP localized in the cytoplasm of unstimulated cells, whereas it was recruited to cell--cell junctions upon stimulation with FSK or 007 ([Figs. 4 A](#fig4){ref-type="fig"}, [S3 A](http://www.jcb.org/cgi/content/full/jcb.201301115/DC1){#supp4}, and [S4 B](http://www.jcb.org/cgi/content/full/jcb.201301115/DC1){#supp5}). Although GFP signal was observed at cell--cell contacts in GFP-expressing cells, it was not dependent on the junctional localization of GFP, but ascribed to the overlap of plasma membrane (Fig. S3 A). FSK failed to induce translocation of MRCKβ-GFP to cell--cell junctions in the cells depleted of Rap1 ([Fig. 4 B](#fig4){ref-type="fig"}), which indicates that MRCK recruitment to cell--cell junctions needs Rap1.

![**Rap1-dependent translocation of MRCK to cell--cell junctions is mediated by Cdc42.** (A) HUVECs transfected with the plasmid encoding MRCKβ-GFP were stimulated with vehicle (Control) or FSK. GFP (MRCKβ-GFP) and bright field (BF) images are shown. The boxed areas are enlarged in the panels to the right of the original images. (B) HUVECs transfected with the plasmid encoding MRCKβ-GFP together with Rap1 siRNA \#1 were stimulated with FSK similar to as in A. (C) 293T cells were transfected with the plasmid encoding either MRCKβ-GFP or MRCKβ H1593/1596A-GFP together with the vector expressing either FLAG-tagged wild type or constitutive active mutant of Cdc42 (Cdc42 WT and Cdc42 G12V), RhoA (RhoA WT and RhoA Q63L), and Rac1 (Rac1 WT and Rac1 G12V), as indicated at the top. Immunoprecipitates (IP: FLAG) of cell lysates and aliquots of total cell lysates (TCL) were subjected to Western blot analyses with anti-GFP and anti-FLAG antibodies as indicated on the left. (D) HUVECs transfected with either control siRNA or Cdc42 siRNA for 48 h were subsequently transfected with the vector encoding MRCKβ-GFP for 24 h, and stimulated with FSK similar to as in A. The boxed areas are enlarged in the insets. (E) HUVECs transfected with the plasmid encoding either MRCKβ-GFP or MRCKβ H1593/1596A-GFP were stimulated with 007 similar to as in A. Arrowheads indicate cell--cell junctions. Bars: (low magnification images in A and B, D, and E) 10 µm; (high magnification images in A and B) 5 µm.](JCB_201301115_Fig4){#fig4}

We further tried to identify the signaling molecule that mediates Rap1-induced localization of MRCK at cell--cell contacts. MRCK is known to be a Cdc42 effector. Indeed, MRCKβ-GFP bound to the activated form of Cdc42, but not those of Rac1 and RhoA ([Fig. 4 C](#fig4){ref-type="fig"}). In addition, Cdc42 is known to promote EC barrier function ([@bib6]; [@bib39]). Therefore, we investigated the role of Cdc42 in Rap1-induced localization of MRCK at cell--cell junctions. FSK-induced recruitment of MRCKβ-GFP to cell--cell junctions was inhibited by depletion of Cdc42 ([Fig. 4 D](#fig4){ref-type="fig"}). Furthermore, a MRCKβ mutant (MRCKβ H1593/1596A-GFP) that is incapable of binding to the active form of Cdc42 failed to localize at cell--cell junctions even upon stimulation with 007 ([Fig. 4, C and E](#fig4){ref-type="fig"}). These results indicate that Rap1 induces recruitment of MRCK to cell--cell junctions through Cdc42.

Rap1 induces accumulation of active Cdc42 at cell--cell junctions to regulate localization of MRCK
--------------------------------------------------------------------------------------------------

The next question is how Cdc42 mediates Rap1-induced localization of MRCK at cell--cell junctions. Because the MRCK mutant lacking the Cdc42 binding site could not localize at cell--cell contacts ([Fig. 4 E](#fig4){ref-type="fig"}), we hypothesized that Rap1 increases the active Cdc42 at cell--cell contacts. To address this, we examined the localization of active Cdc42 by visualizing the GFP-tagged Cdc42/Rac interactive binding domain of neural Wiskott Aldrich syndrome protein (GFP-N-WASP), which specifically binds to active Cdc42 (Fig. S3 B). GFP-N-WASP was found in the cytoplasm of unstimulated HUVECs ([Fig. 5 A](#fig5){ref-type="fig"}). However, GFP-N-WASP, but not its mutant lacking the Cdc42 binding site (GFP-N-WASP H211D), was recruited to cell--cell junctions upon stimulation with either FSK or 007 ([Figs. 5 A](#fig5){ref-type="fig"} and S3, C and D). 007-induced localization of GFP-N-WASP at cell--cell contacts was blocked by depletion of Rap1 ([Fig. 5 A](#fig5){ref-type="fig"}). These findings suggest that Rap1 induces accumulation of active Cdc42 at cell--cell contacts.

![**Rap1 induces accumulation of active Cdc42 at cell--cell junctions.** (A) HUVECs transfected with the N-WASP--expressing plasmids indicated on the left, GFP-tagged CRIB domain of N-WASP (GFP-N-WASP), or the mutant lacking Cdc42 binding site (GFP-N-WASP H211D) were stimulated with 007. The cells transfected with the plasmid encoding GFP-N-WASP together with Rap1 siRNA \#1 were also stimulated with 007 (bottom two rows). GFP and bright field (BF) images acquired before and 20 min after the stimulation are shown. (B) HUVECs transfected with either control siRNA or Cdc42 siRNA \#3 were stimulated with vehicle (Control) or FSK and immunostained with anti-Cdc42 and anti--VE-cadherin antibodies. Images of Cdc42 and VE-cadherin and the merged images (Cdc42, red; VE-cadherin, green) are shown. (C) HUVECs transfected with the plasmid expressing FLAG-Cdc42 were stimulated with either vehicle (Control) or FSK and immunostained with anti-FLAG antibody. FLAG-Cdc42 and BF images are shown. (D) HUVECs cotransfected with the plasmid encoding mCherry-Cdc42 and that encoding MRCKβ-GFP were stimulated with FSK. mCherry (mCherry-Cdc42) and GFP (MRCKβ-GFP) images, the merged images (mCherry, red; GFP, green) and the BF images are shown. (E) HUVECs expressing RaichuEV-Cdc42, a FRET-based Cdc42 activity-monitoring probe, were stimulated with vehicle (Control), FSK, or 007 and subjected to time-lapse FRET imaging. The images were obtained every 2 min for 16 min before and 50 min after the stimulation. Representative ratio images of FRET/CFP at the indicated time points are shown in the intensity-modulated display mode (IMD). The upper and lower limits of the ratio image with IMD are indicated on the right. The boxed areas in the images acquired before and after the stimulation are enlarged on the left and right sides of the original images, respectively. (F) The fold increase of the FRET/CFP ratio observed in E was calculated by dividing the FRET/CFP ratio in the cells stimulated with either FSK (red line) or 007 (blue line) by those in the vehicle-treated cells at the corresponding time points. The drugs were added to the culture media at time 0 as indicated by the arrow. Data are expressed as fold increase relative to that at time 0, and shown as mean ± SEM (error bars) of seven independent experiments. Significant differences between the value at 0 min and that at 8 min after the stimulation are indicated as \*, P \< 0.05. The boxed areas are enlarged on the right side of the original images (A) or in the insets (B--D). Arrowheads indicate cell--cell junctions. Bars, 10 µm.](JCB_201301115_Fig5){#fig5}

To explore the mechanism of Rap1-induced accumulation of active Cdc42 at cell--cell junctions, we investigated the effect of Rap1 signaling on localization and activation of Cdc42 in ECs. Immunostaining of Cdc42-depleted HUVECs revealed that Cdc42 is recruited to the cell--cell contacts by stimulation with FSK or 007 ([Figs. 5 B](#fig5){ref-type="fig"} and S3 E). It should also be noted that VE-cadherin organization was compromised in Cdc42-depleted cells ([Fig. 5 B](#fig5){ref-type="fig"}), which suggests the crucial role of Cdc42 in EC junctions. Exogenously expressed FLAG-tagged Cdc42 also accumulated at cell--cell contacts upon stimulation with FSK ([Fig. 5 C](#fig5){ref-type="fig"}). In addition, Cdc42 colocalized with MRCK at cell--cell junctions in FSK-stimulated HUVECs ([Fig. 5 D](#fig5){ref-type="fig"}). By visualizing the Cdc42 activation using a FRET-based biosensor for Cdc42, we found that stimulation with either FSK or 007 induced Cdc42 activation in the marginal region of HUVECs that includes the cell--cell junctions ([Fig. 5, E and F](#fig5){ref-type="fig"}). These findings reveal that Rap1 increases the active Cdc42 at cell--cell contacts by inducing localization and activation of Cdc42 at cell--cell junctions, thereby leading to the recruitment of MRCK to the cell--cell junctions.

Cdc42 mediates Rap1-induced NM-II activation and CAB formation at cell--cell contacts through MRCK
--------------------------------------------------------------------------------------------------

We investigated whether Cdc42-mediated translocation of MRCK to cell--cell junctions is responsible for Rap1-induced NM-II activation and CAB formation at cell--cell contacts. FSK and 007 failed to induce RLC phosphorylation and CAB formation at cell--cell contacts in the Cdc42-depleted HUVECs, although RSF formation was unaffected by knockdown of Cdc42 in unstimulated cells ([Figs. 6 A](#fig6){ref-type="fig"} and S3, F and G). However, FSK and 007 caused RSF disruption even in Cdc42-depleted cells, implying that Rap1 inhibits Rho-dependent RSF formation independently of Cdc42 ([Figs. 6 A](#fig6){ref-type="fig"} and S3 G). Inhibition of FSK-induced CAB formation by depletion of Cdc42 was cancelled by expression of Cdc42 encoded by an siRNA-insensitive plasmid (Fig. S3 H). Consistently, overexpression of a dominant-negative mutant of Cdc42 led to the inhibition of FSK-induced CAB formation (Fig. S3 I). Furthermore, the inhibition of FSK-induced CAB formation and RLC phosphorylation at cell--cell contacts by knockdown of MRCK was reversed by expression of MRCKβ-GFP, but not by that of MRCKβ H1593/1596A-GFP ([Fig. 6, B--D](#fig6){ref-type="fig"}). Unexpectedly, FSK-induced CAB formation and RLC phosphorylation at cell--cell contacts was inhibited by overexpression of MRCKβ H1593/1596A-GFP ([Fig. 6, B--D](#fig6){ref-type="fig"}). Because MRCKα forms a multimer ([@bib47]), this protein may act as a dominant-negative mutant by associating with and inhibiting endogenous MRCK. Collectively, these results indicate that Rap1 induces NM-II activation at cell--cell contacts through Cdc42-mediated recruitment of MRCK to cell--cell junctions, thereby promoting CAB formation.

![**Cdc42 is required for Rap1-induced activation of NM-II and formation of CAB at cell--cell junctions.** (A) HUVECs transfected with either control siRNA or Cdc42 siRNA \#3 were stimulated with vehicle (Control), FSK, or 007, immunostained with anti-pRLC at Ser19 (pRLC (Ser19)) antibody, and stained with rhodamine-phalloidin (F-actin). pRLC (Ser19) and F-actin images, the merged images (F-actin, red; pRLC (Ser19), green), and the bright field images (BF) are shown. Bars, 10 µm. (B) HUVECs expressing GFP, siRNA-insensitive MRCKβ-GFP, or siRNA-insensitive MRCKβ H1593/1596A-GFP were transfected with either control siRNA or MRCK siRNA, stimulated with FSK, and stained similar to as in [Fig. 3 F](#fig3){ref-type="fig"}. Arrowheads indicate cell--cell junctions. Bars, 10 µm. (C and D) Quantitative relative values of pRLC at Ser19 (C) and F-actin (D) at cell--cell contacts in the cells expressing GFP, MRCKβ-GFP (WT), or MRCKβ H1593/1596A-GFP (HA) compared to those in GFP-expressing and control siRNA-transfected cells without FSK stimulation observed in B are shown as mean ± SEM (error bars; *n* ≥ 40). Similar results were obtained in three independent experiments. \*\*\*, P \< 0.01, significant difference between two groups. n.s., no significance between two groups.](JCB_201301115_Fig6){#fig6}

FGD5 acts downstream of Rap1 to induce Cdc42 activation at cell--cell contacts
------------------------------------------------------------------------------

How does Rap1 induce accumulation of active Cdc42 at cell--cell contacts? It has been reported that FYVE, RhoGEF, and PH domain--containing protein 5, also known as facio-genital dysplasia-5 (FGD5), a GEF for Cdc42, is expressed in ECs and partially localizes at cell--cell junctions ([@bib30]). Hence, we investigated the role of FGD5 in Rap1-induced activation of Cdc42 at cell--cell junctions. In unstimulated HUVECs, FGD5 localized at the plasma membrane and partially at cell--cell junctions, as previously reported ([@bib30]; [Fig. 7 A](#fig7){ref-type="fig"}). Stimulation with FSK enhanced junctional localization of FGD5 ([Fig. 7, A and B](#fig7){ref-type="fig"}). However, FSK did not alter localization of FGD5 in the Rap1-depleted cells ([Fig. 7, A and B](#fig7){ref-type="fig"}), which suggests that FGD5 may mediate Rap1-induced Cdc42 activation at cell--cell junctions. Consistently, FGD5 depletion prevented not only FSK-induced Cdc42 activation but also FSK-induced accumulation of active Cdc42 at cell--cell junctions ([Fig. 7, C and D](#fig7){ref-type="fig"}; and Fig. S4 A). However, FSK-induced recruitment of Cdc42 to cell--cell contacts occurred even in the absence of FGD5 expression ([Fig. 7 E](#fig7){ref-type="fig"}). In addition, 007-induced junctional localization of MRCKβ-GFP was abrogated by depletion of FDG5 (Fig. S4 B). Consistently, FSK- or 007-induced RLC phosphorylation and CAB formation at cell--cell junctions were inhibited by depletion of FGD5 ([Fig. 7, F--H](#fig7){ref-type="fig"}; and Fig. S4, C--E). The effect of FGD5 knockdown was cancelled by expression of FGD5 encoded by a plasmid expressing siRNA-insensitive mRNA for FGD5 (Fig. S4 F). These results suggest that Rap1 induces accumulation of active Cdc42 at cell--cell junctions through FGD5-independent localization of Cdc42 and FGD5-dependent activation of Cdc42 at cell--cell junctions, thereby promoting CAB formation by locally activating the MRCK--NM-II pathway.

![**FGD5 is required for Rap1-induced CAB formation via activation of Cdc42 at cell--cell junctions.** (A) HUVECs transfected with control siRNA or Rap1 siRNA \#1 were stimulated with vehicle (Control) or FSK, and immunostained with anti-FGD5 and anti--VE-cadherin antibodies. (B) Quantitative relative expression values of FGD5 at cell--cell contacts compared to those in control siRNA-transfected cells stimulated with vehicle observed in A are shown as mean ± SEM (error bars) from three independent experiments (*n* ≥ 80). (C) RaichuEV-Cdc42--expressing HUVECs transfected with control siRNA or FGD5 siRNA \#1 were stimulated with vehicle (Control) or FSK, and subjected to time-lapse FRET imaging similar to as in [Fig. 5 E](#fig5){ref-type="fig"}. The fold increase in FRET/CFP ratios 10 min after the stimulation were calculated similar to as in [Fig. 5 F](#fig5){ref-type="fig"} and shown as mean ± SEM (error bars) from four independent experiments (*n* ≥ 36). (D) HUVECs transfected with either control siRNA or FGD5 siRNA \#1 for 48 h were subsequently transfected with the plasmid encoding GFP-N-WASP for 24 h, stimulated with vehicle (Control) or FSK, and stained with rhodamine-phalloidin (F-actin). GFP (GFP-N-WASP), F-actin, and bright field (BF) images are shown. (E) HUVECs transfected with the plasmid encoding GFP-Cdc42 together with either control siRNA or FGD5 siRNA \#1 were stimulated with FSK, and stained with rhodamine-phalloidin. GFP and F-actin images, the merged images (GFP, green; F-actin, red), and BF images are shown. (F) HUVECs transfected with either control siRNA or FGD5 siRNA \#1 were stimulated similar to as in [Fig. 1 B](#fig1){ref-type="fig"}. (G and H) Quantitative relative expression values of pRLC at Ser19 (G) and F-actin (H) at cell--cell contacts compared to those in control siRNA-transfected cells treated with vehicle in F are shown as mean ± SEM (error bars; *n* = 33). Similar results were obtained in three independent experiments. In A, D, and E, the boxed areas are enlarged in the insets. In D and E, arrowheads indicate cell--cell junctions. \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001, significant difference between two groups. n.s., no significance between two groups. Bars, 10 µm.](JCB_201301115_Fig7){#fig7}

Rap1 potentiates EC barrier function by inducing CAB formation through the signaling pathway involving FGD5, Cdc42, MRCK, and NM-II
-----------------------------------------------------------------------------------------------------------------------------------

We have previously reported that Rap1 enhances stabilization of VE-cadherin--dependent cell adhesion by inducing CAB formation ([@bib35]). Therefore, we tested whether MRCK is required for Rap1-induced stabilization of VE-cadherin--dependent cell adhesion by performing FRAP analysis using VE-cadherin tagged with GFP (VE-cadherin-GFP). The mobile fraction of VE-cadherin-GFP at cell--cell contacts was significantly reduced by stimulation with FSK ([Fig. 8, A--C](#fig8){ref-type="fig"}). However, this effect was completely abolished by knockdown of MRCK ([Fig. 8, A--C](#fig8){ref-type="fig"}). These findings suggest that Rap1 stabilizes VE-cadherin--dependent cell adhesion through MRCK-mediated CAB formation.

![**The FGD5--Cdc42--MRCK--NM-II pathway is essential for Rap1-induced potentiation of EC barrier function.** (A) VE-cadherin--GFP-expressing HUVECs transfected with control or MRCK siRNA were stimulated with vehicle (Control) or FSK and subjected to FRAP analysis. Representative GFP images before and at the indicated time points after photobleaching (at 0 min) are shown. The photobleached regions are boxed and enlarged beneath the original images. Bars: (top panels) 10 µm; (bottom panels) 5 µm. (B) Quantitative analysis of FRAP experiments in A. A plot of relative fluorescence intensity of VE-cadherin-GFP compared to that of pre-photobleaching in control siRNA-transfected cells stimulated with vehicle (black) or FSK (red) or in MRCK siRNA-transfected cells stimulated with vehicle (green) or FSK (blue) is shown as mean ± SEM (error bars; *n* ≥ 5). (C) The mobile fractions of VE-cadherin-GFP calculated from the fluorescence recovery curves observed in B are shown. Bars and circles indicate averages and individual data points, respectively (*n* ≥ 5). (D--G) The junctional resistance between the adjacent cells (Rb) was measured using the ESIC system as described in the Materials and methods section. Relative Rb values to the matched control at 30 min after the stimulation are shown. Bars and circles indicate averages and individual data points, respectively (*n* ≥ 3). In D, confluent HUVECs cultured for overnight were stimulated with vehicle, FSK, or 007 in the absence or presence of blebbistatin. The control value is that in blebbistatin-untreated cells stimulated with vehicle. In E, F, and G, HUVECs transfected with control siRNA or MRCK (E), Cdc42 \#3 (F), or FGD5 \#2 siRNA (G) were stimulated with vehicle, FSK, or 007. The control values are those in the control siRNA-transfected cells stimulated with vehicle. (H) EC permeability in the monolayer-cultured HUVECs stimulated with vehicle or FSK in the absence or presence of blebbistatin was analyzed. Relative permeability of each group of the cells compared with that in blebbistatin-untreated cells stimulated with vehicle is shown. (I) EC permeability in control siRNA-- or MRCK siRNA--transfected HUVECs stimulated with vehicle or FSK was analyzed. Relative permeability of each group of the cells compared with that in control siRNA-transfected cells stimulated with vehicle is shown. In H and I, bars and circles indicate averages and individual data points, respectively (*n* ≥ 3). \*, P \< 0.05; \*\*, P \< 0.01; \*\*\*, P \< 0.001, significant difference between two groups. n.s., no significance between two groups.](JCB_201301115_Fig8){#fig8}

Finally, we investigated the functional significance of the signaling pathway involving FGD5, Cdc42, MRCK, and NM-II in Rap1-induced potentiation of EC barrier function. To this end, we used the electric cell-substrate impedance sensing (ECIS) technique, which allows us to evaluate barrier function by measuring the junctional resistance between the adjacent cells (Rb). In confluent HUVECs, the Rb was significantly elevated by stimulation with FSK and 007 ([Figs. 8 D](#fig8){ref-type="fig"} and [S5, A--C](http://www.jcb.org/cgi/content/full/jcb.201301115/DC1){#supp6}). However, FSK and 007 failed to increase the Rb either in the cells depleted of Rap1 or in the presence of latrunculin A, an actin polymerization inhibitor, which prevented FSK-induced CAB formation (Fig. S5, A--H). These findings indicate that Rap1 potentiates EC barrier functions by inducing CAB formation. In addition, inhibition of NM-II by blebbistatin or depletion of MRCK, Cdc42, or FGD5 significantly inhibited the Rb elevation induced by FSK and 007 ([Figs. 8, D--G](#fig8){ref-type="fig"}; and S5, I--M). Consistently, permeability of EC monolayers was decreased by stimulation with FSK, as assessed by in vitro vascular permeability assay ([Fig. 8, H and I](#fig8){ref-type="fig"}). However, FSK did not reduce EC permeability either in the presence of blebbistatin or in the cells depleted of MRCK ([Fig. 8, H and I](#fig8){ref-type="fig"}). Collectively, these results suggest that Rap1 potentiates EC junctions by inducing CAB formation through the FGD5--Cdc42--MRCK--NM-II signaling axis.

Discussion
==========

Rap1 potentiates EC junctions by inducing formation of CAB that stabilizes linear AJs. Here, we demonstrate that the Cdc42--MRCK pathway--mediated junctional activation of NM-II is essential for Rap1-induced CAB formation. Activation of Rap1 caused accumulation of active Cdc42 at cell--cell contacts, which locally stimulated the NM-II activity by recruiting MRCK to cell--cell junctions, thereby enhancing EC barrier function. Although several lines of evidence suggest the role of MRCK in cell migration ([@bib21]; [@bib51]; [@bib17]; [@bib48]), its function in formation of EC junctions has not been investigated. Thus, this study uncovers a novel role for MRCK in Rap1-induced formation of AJs in ECs.

Our present data suggest that the FGD5--Cdc42--MRCK--NM-II signaling pathway acts downstream of Rap1 to induce CAB formation and EC barrier function. However, it has not been proven whether these signaling molecules act in a linear pathway. Thus, further study is required to determine the signaling hierarchy downstream of Rap1 to promote CAB formation and EC barrier function.

Rap1 potentiates EC junctions not only by stimulating the Cdc42--MRCK--NM-II pathway but also by suppressing the Rho--ROCK--NM-II pathway. During remodeling of EC junctions, the Rho--ROCK--NM-II pathway induces formation of punctate AJs that connect to RSF through VE-cadherin/β-catenin/α-catenin complexes ([@bib1]; [@bib33]; [@bib23]; [@bib25]; [@bib52]). The Rho--ROCK pathway also disrupts blood--brain barrier integrity through phosphorylation of occludin and claudin-5 ([@bib55]). In addition, inflammatory mediators activate the Rho--ROCK--NM-II pathway to increase actomyosin-driven pulling forces generated on the punctate AJs, thereby leading to EC contraction and barrier disruption ([@bib33]; [@bib25]). However, Rap1 is known to counteract inflammatory mediator-evoked barrier disruption through suppression of Rho activity ([@bib9]). In this study, we showed that Rap1 induces linear AJ formation through junctional activation of the Cdc42--MRCK--NM-II pathway and blunts punctate AJ formation through suppression of the Rho--ROCK--NM-II pathway. Thus, Rap1 may potentiate EC junctions by inducing transformation of dynamic punctate AJs into stable linear AJs not only under resting conditions but also in the presence of barrier disrupting agents.

Krit-1 might be involved in Rap1-mediated potentiation of EC junctions. Krit-1 is a Rap1 effector involved in regulation of EC junctions ([@bib20]). Mutation of *Krit-1* is associated with familial cerebral cavernous malformation and causes disruption of EC barrier function by sustaining high levels of Rho and ROCK activities ([@bib5]; [@bib45]). Therefore, Rap1 may inhibit formation of punctate AJs by suppressing the Rho--ROCK--NM-II pathway through Krit-1.

Rap1-mediated activation of the Cdc42--MRCK--NM-II pathway might be conserved in AJ formation in epithelial cells. Rap1 is involved in the formation of E-cadherin--based cell adhesion in epithelial cells ([@bib27]; [@bib24]; [@bib38]). Furthermore, [@bib43] have reported that NM-IIB localizes at cell--cell junctions in a Rap1-dependent manner to regulate formation of the apical F-actin ring. In addition, the role of Cdc42 in epithelial AJ formation has been reported. Tuba, a Cdc42-specific GEF, activates Cdc42 to regulate the junctional configuration of simple epithelial cells ([@bib36]). Moreover, ligation of nectin, which is one of the AJ components, induces Rap1 activation responsible for Src-dependent activation of Cdc42 in epithelial cells ([@bib12]; [@bib16]). Therefore, Cdc42--MRCK--NM-II signaling might be involved in epithelial AJ formation.

In this study, FGD5 was identified as a downstream signaling molecule from Rap1 to induce Cdc42 activation at EC junctions. FGD5 expressed in ECs functions in vascular formation ([@bib7]; [@bib30]; [@bib34]). FGD1-related Cdc42 GEF, another member of FGD family, has also been suggested to regulate Rap1-induced activation of Cdc42 in epithelial cells ([@bib16]). Thus, some FDG family members may serve as a GEF for Cdc42 acting downstream of Rap1. However, the molecular mechanism how Rap1 induces Cdc42 activation through FGD5 still remains unclear. Activation of Rap1 led to accumulation of FGD5 at cell--cell contacts. Moreover, Rap1-induced activation of Cdc42 was prevented by FGD5 depletion, suggesting that Rap1 induces junctional activation of Cdc42 by localizing FGD5 at cell--cell contacts. However, Rap1 may regulate FGD5 localization indirectly, as our preliminary data suggested no direct binding of FGD5 with active Rap1. Thus, further study is needed to clarify the mechanism underlying Rap1-induced junctional localization of FGD5. In addition, Rap1 induced accumulation of active Cdc42 at cell--cell junctions not only through FGD5-dependent activation of Cdc42 but also by localizing Cdc42 at cell--cell junctions through an as yet unidentified mechanism. Therefore, further examination is also required to elucidate the mechanism for Rap1-induced junctional localization of Cdc42.

In conclusion, we demonstrate that Rap1 signal induces CAB formation by locally stimulating the Cdc42--MRCK--NM-II pathway at cell--cell junctions to establish linear AJs ([Fig. 9](#fig9){ref-type="fig"}). Simultaneously, Rap1 inhibits formation of punctate AJs connected by RSF through suppression of the Rho--ROCK--NM-II pathway. Thus, Rap1 potentiates EC junctions by spatially controlling the NM-II activity ([Fig. 9](#fig9){ref-type="fig"}).

![**Schematic representation of the model that accounts for how Rap1 potentiates EC junctions.** In the ECs that establish weak cell--cell adhesions, the Rho--ROCK--NM-II pathway induces formation of RSF connecting to punctate AJs. Once activated, Rap1 induces disruption of RSF through inhibition of the Rho--ROCK--NM-II pathway and formation of CAB supporting linear AJs through activation of the Cdc42--MRCK--NM-II pathway, thereby potentiating EC junctions. Thus, Rap1 tunes the NM-II activity by regulating two Rho family GTPases to control EC junctions.](JCB_201301115_Fig9){#fig9}

Materials and methods
=====================

Materials and antibodies
------------------------

Materials were purchased as follows: FSK and latrunculin A from EMD Millipore; 8-pCPT-2'-*O*-methyl-cAMP (referred to as 007) from Tocris Bioscience; 6-Bnz from Biolog Life Science Institute; (R)-(+)-trans-*N*-(4-pyridyl)-4-(1-aminoethyl)-cyclohexanecarboxamide 2HCl H~2~O (Y27632) from Wako Pure Chemicals; (−)-blebbistatin from Sigma-Aldrich; exoenzyme C3 transferase (C3 toxin) from Cytoskeleton, Inc.; and Cellmatrix type I-C from Nitta Gelatin Inc. Antibodies used here were purchased as follows: mouse anti--VE-cadherin and anti-Cdc42 from BD; anti-Rap1 from Santa Cruz Biotechnology, Inc.; anti-FGD5 for immunocytochemistry (\#HPA019191), anti--β-actin, and anti-FLAG (M2) from Sigma-Aldrich; rabbit anti--VE-cadherin, anti--NM-IIA, anti--NM-IIB, anti--phospho-RLC at Ser19 (\#3671), anti--phospho-RLC at Thr18/Ser19 (\#3678), anti-cAMP response element--binding protein (CREB), and anti--phospho-CREB at Ser133 from Cell Signaling Technology; anti-MRCKα from Abcam; anti-MRCKβ from Kazusa DNA Research Institute; anti-FGD5 for Western blotting (\#H00152273) from Abnova; mouse and rabbit control IgG from Vector Laboratories; Alexa Fluor 488-- or Alexa Fluor 633--labeled goat anti--mouse and anti--rabbit IgG from Invitrogen; and HRP-coupled goat anti--mouse and anti--rabbit IgG from GE Healthcare. Rhodamine-phalloidin was purchased from Invitrogen.

Plasmids
--------

A cDNA fragment encoding human MRCKβ was obtained from Kazusa DNA Research Institute, and cloned into pEGFP-N1 vector (Takara Bio Inc.) to construct the pEGFP-N1-MRCKβ encoding MRCKβ with a C-terminal GFP tag (MRCKβ-GFP). pEGFP-N1-MRCKβ H1593/1596A plasmid encoding MRCKβ-GFP mutant in which His-1593 and His-1596 were replaced with Ala (MRCKβ H1593/1596A-GFP) was generated using a QuikChange site-directed mutagenesis kit (Agilent Technologies). A cDNA fragment encoding human Cdc42 was amplified by PCR, and subcloned into pEGFP-C1 and pmCherry-C1 vectors (Takara Bio Inc.) to generate the expression plasmids encoding Cdc42 with N-terminal GFP and mCherry tag, respectively. pERed-NLS expression plasmids encoding both wild-type or a constitutively active mutant of human RhoA, Rac1, or Cdc42 and IRES-driven NLS-tagged Express red were provided by M. Matsuda (Kyoto University, Kyoto, Japan; [@bib2]). pCXN2-EGFP-N-WASP CRIB plasmid, a gift from M. Matsuda, expresses CRIB domain of N-WASP with an N-terminal GFP tag (GFP-N-WASP). The expression vector encoding GFP-N-WASP mutant (GFP-N-WASP H211D) in which His-211 was replaced with Asp was generated using the QuikChange Site-directed mutagenesis kit. pCAGGS and pPBbsr vectors encoding a FRET biosensor for RhoA (Raichu-RhoA) and for Cdc42 (RaichuEV-Cdc42) were provided by M. Matsuda ([@bib28]). In this study, we used modified RaichuEV-Cdc42 that contains the CAAX box of Cdc42 (amino acids 174--191) at the C terminus as a localization signal. A cDNA that encodes the amino acids 242--1,462 fragment of human FGD5 was purchased from Kazusa DNA Research Institute, and subcloned into pEGFP-C1 vector to construct pEGFP-C1-FGD5 (amino acids 242--1,462). To generate the plasmid encoding human FGD5 with an N-terminal GFP tag, a cDNA fragment encoding the N-terminal portion (amino acids 1--241) of human FGD5 was amplified by PCR using HUVEC cDNA as a template, and inserted into the site between GFP and FGD5 (242--1,462) in pEGFP-C1-FGD5 (242--1,462) vector. The siRNA-insensitive cDNA encoding MRCKβ-GFP, MRCKβ H1593/1596A-GFP, Cdc42, or FGD5 was generated using the QuikChange site-directed mutagenesis kit, and subcloned into pPBbsr vector (provided by M. Matsuda) for *piggyBac* transposon-mediated gene transfer (provided by A. Bradley, Wellcome Trust Sanger Institute, Cambridgeshire, England, UK; [@bib58]; [@bib28]). pEGFP-N1-VE-cadherin plasmid encoding VE-cadherin C-terminally tagged with GFP (VE-cadherin-GFP) has already been described ([@bib35]).

Cell culture, transfections, and siRNA-mediated protein knockdown
-----------------------------------------------------------------

HUVECs were purchased from Kurabo, maintained in HuMedia-EG2 with a growth additive as described previously ([@bib14]), and used for the experiment before passage 7. 293T cells were cultured in Dulbecco's modified Eagle's medium (Nissui) supplemented with 10% fetal bovine serum and antibiotics (100 µg/ml streptomycin and 100 U/ml penicillin) as described previously ([@bib14]). HUVECs and 293T cells were transfected using Lipofectamine 2000 reagent (Invitrogen) and Lipofectamine Plus reagent (Invitrogen).

siRNAs targeting the genes indicated were purchased as follows: a mixture of siRNAs for NM-IIA and NM-IIB (\#1, HSS106870 and HSS106873; \#2, HSS106872 and HSS106875), MRCKα (HSS112351), MRCKβ (HSS114303), Cdc42 (\#1, HSS101666; \#2, HSS190761; \#3, HSS190760), and FGD5 (\#1, HSS135807; \#2, HSS135806) from Invitrogen; a mixture of siRNAs for Rap1A and Rap1B (\#1, J-003623-06-0005 and J-010364-07-0005; \#2, J-003623-07-0005 and J-010364-06-0005; [@bib37]), and negative control siRNA (D-001810-10-05) from Thermo Fischer Scientific; and MRCK (5′-CGAGAAGACTTTGAAATAA-3′; [@bib51]) and negative control siRNA (SCI-001) from Sigma-Aldrich. HUVECs were transfected with siRNAs using Lipofectamine RNAi MAX reagent (Invitrogen). After 24 or 48 h of culture, the cells were replated, cultured for additional 24 h, and used for the experiments.

The *piggyBac* transposon system was used to generate mass cultures of HUVECs that express GFP, MRCKβ-GFP, MRCKβ H1593/1596A-GFP, Cdc42, or FGD5 ([@bib58]; [@bib28]). HUVECs at passage 5 were transfected with pPBbsr vectors encoding the corresponding cDNA upstream of an IRES-blasticidin resistance cassette together with a plasmid expressing the *piggyBac* transposase. The cells were selected in the growth media containing 6 µg/ml blasticidin for 2 wk, expanded by replating into new dish, and used for the experiments.

Immunocytochemistry
-------------------

Monolayer-cultured HUVECs grown on a 35-mm glass-base dish (Asahi Techno Glass) coated with Cellmatrix type I-C were starved in medium 199 (Invitrogen) containing 0.5% BSA, and stimulated with 10 µM FSK, 1 mM 007, or 0.5 mM 6-Bnz for 20 min. Immunocytochemistry was performed as described previously ([@bib35]). After stimulation, the cells were fixed with PBS containing 2% formaldehyde for 30 min at 4°C, permeabilized with 0.05% Triton X-100 for 25 min at 4°C, and blocked with PBS containing 4% BSA for 1 h at RT. To detect Cdc42 expression, the cells were fixed with 10% trichloroacetic acid for 15 min at 4°C. The cells were immunostained with anti--VE-cadherin, anti--phospho-RLC at Ser19, anti--phospho-RLC at Thr18/Ser19, anti-Cdc42, anti-FGD5, and anti-FLAG antibodies at 4°C overnight. Protein reacting with antibody was visualized with species-matched Alexa Fluor 488-- or Alexa Fluor 633--labeled secondary antibodies. To visualize F-actin, the cells were stained with rhodamine-phalloidin for 1 h at RT. Fluorescence images of GFP, mCherry, rhodamine, Alexa Fluor 488, and Alexa Fluor 633 were recorded with an inverted fluorescence microscope (IX-81; Olympus) with Plan-Apochromat 60×/1.40 NA and UPlan FL N 60×/1.25 NA oil immersion objective lenses (Olympus) and equipped with a pE-1 LED excitation system (CoolLED) with a cooled charge-coupled device camera (CoolSNAP HQ; Roper Scientific) or with a confocal microscope (FluoView FV1000; Olympus) with UPlan-SApochromat 60×/1.35 NA oil immersion objective lens (Olympus). The microscope and image acquisition were controlled by MetaMorph software (Universal Imaging) and FluoView ASW software (Olympus).

To quantify the amount of F-actin, phosphorylation of RLC, and FGD5 at the cell--cell junctions, their corresponding fluorescence intensities at the cell--cell contacts were measured using the line scan function in MetaMorph software (Universal Imaging). The 3-pixel-width lines were randomly drawn on the fluorescence images of the cells stained with rhodamine-phalloidin (rhodamine), and anti-pRLC (Alexa Fluor 488), anti-FGD5 (Alexa Fluor 488), and anti--VE-cadherin (Alexa Fluor 633) antibodies. Then, the mean pixel intensity for each position along the line was determined by line scan analysis. The mean fluorescence intensity at the points across the cell--cell contacts defined by VE-cadherin fluorescence was scored as the amount of F-actin, phosphorylation of RLC, and FGD5 at the cell--cell contacts. For the rescue experiments ([Fig. 3, F--H](#fig3){ref-type="fig"}; and [Fig. 6, B--D](#fig6){ref-type="fig"}), the cell--cell junctions were defined by their morphological appearance in differential interference contrast images.

Detection of GTP-bound form of Rap1 and RhoA and phosphorylated CREB
--------------------------------------------------------------------

To detect GTP-bound Rap1 and phosphorylated CREB, HUVECs were sequentially starved in 0.5% BSA-containing medium 199 for 3 h, and in 0.1% BSA-containing medium 199 for 1 h. The cells were then stimulated with vehicle, 10 µM FSK, 1 mM 007, or 0.5 mM 6-Bnz for 10 min. To detect GTP-bound RhoA, HUVECs were starved in 0.5% BSA-containing medium 199 for 4 h, and stimulated with either vehicle or 10 µM FSK for 20 min. GTP-bound forms of Rap1 and RhoA were assessed by performing a pull-down assay as described previously ([@bib11], [@bib13]). In brief, the cells were washed with cold PBS and lysed at 4°C in a pull-down lysis buffer containing 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl~2~, 1% Triton X-100, 1 mM EGTA, 1 mM dithiothreitol, 1 mM Na~3~VO~4~, and protease inhibitor cocktail (Roche). Lysates were incubated with the glutathione transferase--tagged Rap1 binding domain of RalGDS or the Rho binding domain of Rhotekin precoupled to glutathione-Sepharose beads for 40 min at 4°C, followed by four washes with lysis buffer. GTP-bound Rap1 or GTP-bound RhoA were released from the beads by an addition of protein loading buffer, and subjected to Western blot analysis with anti-Rap1 or anti-RhoA antibody, respectively. Phosphorylation of CREB was determined by performing Western blot analysis with anti--phospho-CREB antibody as described previously ([@bib13]).

Immunoprecipitation
-------------------

HUVECs stimulated with vehicle or FSK and 293T cells transfected with plasmids indicated in figure legends were lysed at 4°C in lysis buffer containing 20 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM MgCl~2~, 1% Triton X-100, 1 mM EGTA, 1 mM Na~3~Vo~4~, and 1× protease inhibitor cocktail (Roche), centrifuged at 17,400 rpm for 15 min, and incubated with anti--NM-II and anti-FLAG antibodies for 3 h at 4°C, respectively. Immunoprecipitates collected on protein G--Sepharose beads (GE Healthcare) and aliquots of total cellular lysates were subjected to Western blot analysis with anti--NM-II, anti-MRCK, anti-FLAG, and anti-GFP antibodies.

Time-lapse fluorescence imaging
-------------------------------

To visualize activities of RhoA and Cdc42 in living cells, FRET imaging was performed as described previously ([@bib41]). In brief, HUVECs transfected with a plasmid encoding Rahicu-RhoA or RaichuEV-Cdc42 were plated at confluent density on a collagen-coated glass base dish, cultured overnight, starved in phenol red--free medium 199 containing 0.5% BSA for 3 h, and stimulated with vehicle, 10 µM FSK, or 1 mM 007 at 37°C with 5% CO~2~ using a heating chamber (Tokai Hit). The cells were imaged every 2 min with an inverted fluorescence microscope (IX-81) equipped with a Plan-Apochromat 60×/1.40 NA oil immersion objective lens, a cooled charge-coupled device camera (CoolSNAP HQ), and a pE-1 LED excitation system. Dual images for CFP and YFP were obtained through an XF1071 excitation filter, a XF2034 dichroic mirror, and an XF3075 emission filter for CFP and an XF 3079 emission filter for YFP (Omega Scientific, Inc.), respectively. After background subtraction, the FRET/CFP ratio images were created by MetaMorph software (Molecular Devices) and displayed as an intensity-modulated display image. For quantitative FRET analysis, the FRET/CFP ratio of each cell was calculated by dividing the fluorescence intensity of YFP by that of CFP in total cellular area. Relative values of FRET/CFP were calculated by the value of FRET/CFP ratio induced by FSK or 007 divided by that induced by vehicle at the corresponding time points.

HUVECs expressing GFP- or mCherry-tagged proteins were time-lapse imaged similar to FRET imaging. All experiments were performed at 37°C with 5% CO~2~ using a heating chamber.

Fluorescence recovery after photobleaching analysis
---------------------------------------------------

FRAP analysis was performed on a confocal laser-scanning microscope (FluoView FV1000) with a UPlan-SApochromat 60×/1.35 NA oil immersion objective lens and equipped with photomultiplier tubes regulated by Fluoview ASW software, as described previously ([@bib35]). In brief, HUVECs plated on collagen-coated dish were transfected with the plasmid encoding VE-cadherin-GFP, starved in medium 199 containing 0.5% BSA, and stimulated with 10 µM FSK at 37°C. GFP-positive cells surrounded by GFP-negative cells were selected and subjected to FRAP analysis. GFP molecules were excited with the 488-nm line from an Argon ion laser. 20 min after stimulation, GFP fluorescence at the region of cell--cell contacts (a 13-µm-diameter circle) was bleached using the SIM scanner in tornado scan mode with the 405-nm diode laser set at full power for 5 s. Less than 5% of total fluorescence was lost during the bleaching. To monitor fluorescence recovery, images were acquired every 60 s over a period 50--60 min. Using Excel software (Microsoft), data were corrected for the overall loss in total fluorescence intensity as a result of the imaging scans. The fluorescence intensity of the bleached region over time was normalized with the mean fluorescence intensity before bleaching. Recovery measurements were quantified by fitting normalized fluorescence intensities of bleached areas to a one-phase exponential association using Prism 5 software (GraphPad Software).

Impedance measurement by ECIS
-----------------------------

Barrier function of EC junctions was evaluated by using ECIS-zθ (Applied Biophysics) as described previously ([@bib32]; [@bib37]). In brief, 10^5^ HUVECs were plated on collagen-coated 8W10E electrodes and cultured overnight. Then, the cells were starved in 0.5% BSA-containing medium 199 for 4 h, and subjected to the ECIS measurement. Rb was measured in real time at 37°C with 5% CO~2~ in a CO~2~ incubator using a ECIS-zθ system at 4,000, 16,000, and 64,000 Hz.

Permeability assay
------------------

Permeability across the HUVEC monolayer was measured by using a collagen-coated transwell unit (6.5 mm in diameter, 3.0-µm pore size polycarbonate filter; Corning) as described previously ([@bib13]). To examine the effect of blebbistatin on EC permeability, HUVECs (10^5^ cells) were plated in the upper chamber of the transwell, and cultured for 3 d. The cells were then treated with either vehicle or 20 µM blebbistatin for 4 h, and stimulated with either vehicle or 10 mM FSK in the presence or absence of blebbistatin for 30 min. To examine the effect of depletion of MRCK, the HUVECs transfected with MRCK siRNA were plated in the upper chamber of the transwell, cultured for 1 d, and used for the experiments, as MRCK expression was recovered by 3 d after the siRNA transfection. Then, permeability was measured by replacing the media in the upper chamber with media containing 1 mg/ml FITC-labeled dextran (mol wt 3,000). Similarly, permeability across the monolayer of HUVEC transfected with either control or MRCK siRNA was also measured.

Statistical analysis
--------------------

Data are expressed as mean ± SEM. Statistical significance was determined by a Student's *t* test for paired samples or one-way analysis of variance with Turkey's test for multiple comparisons. Data were considered statistically significant if P \< 0.05.

Online supplemental material
----------------------------

Fig. S1 shows that Rap1 induces RLC phosphorylation and CAB formation at cell--cell contacts. Fig. S2 shows the requirement of MRCK for Rap1-induced phosphorylation of RLC and formation of CAB at cell--cell junctions. Fig. S3 shows the involvement of Cdc42 in Rap1-induced CAB formation. Fig. S4 shows that FGD5 is required for Rap1-induced CAB formation. Fig. S5 shows that Rap1 potentiates EC junctions through FGD5--Cdc42--MRCK--NM-II--mediated CAB formation. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201301115/DC1>.
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Abbreviations used in this paper:6-Bnz*N*^6^-benzoyl-cAMPAJadherens junctionCABcircumferential actin bundlesCREBcAMP response element--binding proteinECendothelial cellECISelectric cell-substrate impedance sensingFGD5facio-genital dysplasia-5FSKforskolinGEFguanine nucleotide exchange factorGFP-N-WASPGFP-tagged Cdc42/Rac interactive binding domain of neural Wiskott Aldrich syndrome proteinHUVEChuman umbilical vein ECMRCKmyotonic dystrophy kinase--related CDC42-binding kinaseMRCKβ-GFPMRCKβ tagged with GFPNM-IInon-muscle myosin IIPAKp21-activated kinasepRLCphosphorylated RLCRbjunctional resistance between the adjacent cellsRLCregulatory light chainROCKRho-associated coiled-coil containing protein kinaseRSFradial stress fibersVE-cadherinvascular endothelial cadherinVE-cadherin-GFPVE-cadherin tagged with GFP

[^1]: Dr. Nakahata died on 27 October 2010.
